Plasma leptin concentrations increase as growing dairy heifers approach puberty and have greater plasma estrogen. In intact and ovariectomized rodents, estrogen has been shown to modulate expression of leptin and its receptor (Ob-R). To determine if estrogen regulates the bovine leptin system, prepubertal dairy heifers were ovariectomized at 140 d of age or left intact. A month later, both groups received a subcutaneous injection of excipient or 17β-estradiol for 3 consecutive days. Neither ovarian status nor 17β-estradiol injection altered plasma leptin or leptin mRNA abundance in adipose tissue depots. To assess whether these factors affected Ob-R expression, we tested 20 bovine tissues for leptin receptor (Ob-R) by using quantitative realtime PCR assays for the short receptor isoform (ObRa), the long receptor isoform (Ob-Rb), and all receptor isoforms (Ob-R TOTAL ). Ob-R TOTAL was detected in all tissues, with copy numbers covering 3 orders of magnitude between the lowest and highest expressing tissues (kidney cortex vs. liver). The Ob-Rb isoform accounted for 40% of Ob-R TOTAL in the hypothalamus, but averaged less than 3% of Ob-R TOTAL in peripheral tissues. Reciprocally, Ob-Ra accounted for only 19% of Ob-R TOTAL in the hypothalamus and for nearly all of Ob-R TOTAL in most peripheral tissues. Finally, we evaluated the effects of ovarian status and 17β-estradiol on Ob-R expression in selected tissues. Treatment with 17β-estradiol reduced Ob-R TOTAL , Ob-Rb, and Ob-Ra expression by 70% in the uterine endometrium and tended to do the same in mammary adipose tissue. There was no effect of 17β-estradiol on Ob-R in the hypothalamus, liver, soleus muscle, or subcutaneous adipose tissue. We conclude that greater estrogen secretion does not cause increased plasma leptin in prepubertal dairy heifers but estradiol can modulate Ob-R expression in some estrogen-responsive tissues.
INTRODUCTION
In rodents, estrogen has been shown to interact with the leptin system. Estrogen treatment decreases feed intake, BW, and adiposity, whereas ovariectomy produces the opposite effects (Mayes and Watson, 2004; Meli et al., 2004; D'Eon et al., 2005) . Estrogen has also been shown to increase leptin production in ovariectomized rats (Shimizu et al., 1997; Brann et al., 1999) and in isolated adipose tissue (Casabiell et al., 1998; Kristensen et al., 1999; Machinal et al., 1999) . In growing cattle, plasma leptin concentrations remain relatively constant from birth until 1 yr of age, but start to rise before the onset of puberty, at a time when plasma estrogen also increases (Evans et al., 1994a; Garcia et al., 2002; Block et al., 2003) . These observations raise the possibility that gradually increasing estrogen concentrations stimulate leptin production, which then cooperates with other metabolic cues to trigger the onset of puberty in heifers.
Estrogen can also modulate leptin actions by changing leptin receptor (Ob-R) expression (Pelleymounter et al., 1999; Meli et al., 2004; Rocha et al., 2004) . In rodents, alternative splicing of the single leptin receptor gene produces at least 6 mRNAs that encode a fulllength receptor (Ob-Rb) and a family of truncated receptors (Ob-Ra, Ob-Rc, Ob-Rd, Ob-Re, Ob-Rf; Lee et al., 1996; Myers, 2004) . The truncated receptors bind leptin with normal affinity but have impaired signaling ability because they are missing most of the intracellular cytoplasmic domain (Myers, 2004) . The Ob-Ra isoform is the best-characterized truncated isoform and is present at high abundance in most tissues, whereas Ob-Rb is expressed predominantly in the hypothalamus (Ghilardi et al., 1996; Fei et al., 1997; Chen et al., 1999) . Two reports have suggested a dramatically different spatial expression profile in bovine tissues, with Ob-Ra expression in a limited number of tissues and ubiquitous Ob-Rb expression (Silva et al., 2002; Chelikani et al., 2003) . An evaluation of estrogen effects on Ob-R expression in bovine tissues requires a quantitative as-sessment of the tissue distribution and expression level of Ob-Rb and Ob-Ra.
Our first objective was to test if estrogen modulated the leptin system in dairy heifers. To address this, we subjected dairy heifers to ovariectomy and estrogen administration and examined indices of leptin production (leptin mRNA in the major adipose depots and plasma leptin) and leptin receptor abundance. Our second objective was to perform a quantitative survey of Ob-Ra and Ob-Rb expression in bovine tissues.
MATERIALS AND METHODS

Animals and Experimental Design
Sixteen prepubertal Holstein heifers were fed a complete total ration at rates needed to sustain an ADG of 650 g/d (Meyer et al., 2006) . Heifers were randomly assigned to a 2 × 2 factorial treatment design (Meyer et al., 2006) . The first factor was ovarian status, with 8 heifers undergoing bilateral ovariectomy at approximately 140 d of age (106 kg, mean BW) and 8 heifers remaining intact. Blood samples were collected before and after ovariectomy (d −8, −6, −4, +17, +19, and +21, relative to surgery on d 0). The second factor was applied 30 d after surgery and consisted of subcutaneous injection of excipient or 17β-estradiol (0.1 mg/kg of BW) for 3 consecutive days. During the injection period, blood was collected before (0 h), and 24 and 48 h after the first injection. Plasma was prepared and assayed for leptin using a previously validated RIA (Ehrhardt et al., 2000) . Heifers were killed 6 h after the last injection (54 h after the first injection). Tissues were collected as representative samples [subcutaneous, omental, perirenal , and mammary adipose tissue, gastrocnemius and soleus muscle, mammary parenchyma, heart, liver, lung, spleen, adrenal gland, kidney cortex, kidney medulla, small intestine (jejunum), and uterine epithelium] or in their entirety (pituitary gland, ovary, mammary lymph node, and hypothalamus). The boundaries used to dissect the hypothalamus were the rostral edge of the optic chiasm, dorsal edge of the mamillary bodies, and width of the optic chiasm. All tissues were collected within 30 min and immediately frozen in liquid nitrogen.
RNA Isolation and Quantitative Real-Time PCR
Tissues with significant cellular heterogeneity (hypothalamus, pituitary, and ovary) were powdered with a mortar and pestle in liquid nitrogen. Representative tissue samples (200 mg of adipose, 300 mg of muscle, and 100 mg of other tissues) were homogenized with 1 mL of Qiazol (Qiagen, Valencia, CA). Total RNA was isolated and purified using RNeasy Mini columns and on-column RNase-free DNase treatment (Qiagen) following the manufacturer's protocol. The quantity and integrity of RNA were determined using the BioAnalyzer and RNA Nano Lab Chip Kit (Agilent, Palo Alto, CA). Reverse transcription reactions were performed with 2 g of RNA, 500 ng of random primers (Invitrogen, Carlsbad, CA), and ImPromII reverse transcriptase (Promega, WI) in a 20-L volume.
Real-time PCR assays were used to measure leptin, all leptin receptor isoforms (Ob-R TOTAL ), one of the short isoforms (Ob-Ra), and the long isoform (Ob-Rb). Each assay relies on a forward and reverse primer located in different exons and a probe spanning adjoining exons (Thorn et al., 2006) . Commercially available reagents were used to detect 18S ribosomal RNA abundance (Applied Biosystems, Foster City, CA). Reactions were performed in duplicate in a 25-L volume using Perfect Real Time 2× Premix with supplied ROX dye (Takara, Madison, WI), appropriate amounts of primers and probe (Thorn et al., 2006) , and diluted cDNA (10 ng of reverse-transcribed RNA for 18S, 25 ng for leptin, and 100 ng for Ob-R assays).
For leptin, data were expressed as relative abundance using the ⌬⌬C T method (Thorn et al., 2006) . For Ob-R, data were analyzed using the standard curve method. A single plasmid containing sequences homologous to the amplification products for Ob-R TOTAL , ObRa, and Ob-Rb was constructed (Vandenbroucke et al., 2001 ). The plasmid was purified (Qiagen Plasmid Midi Prep Kit) and concentration determined spectrophotometrically. A standard curve was prepared by serial dilution of the standard plasmid (6 standards, ranging from 10 to 1,000,000 copies) and used to calculate transcript copy number for each Ob-R assay. Amplification was linear and similarly efficient for the standard plasmid in each of the 3 Ob-R assays. Transcript copy numbers were normalized to 18S abundance.
Statistical Analysis
Statistical analyses were performed using the MIXED procedure of SAS (SAS Institute, Cary, NC). Mean plasma leptin concentrations in heifers before and after ovariectomy were analyzed with a model accounting for ovarian status, time, and their interaction as fixed effects, and heifer as a random effect. Plasma leptin data during the period of 17β-estradiol treatment were analyzed with a model accounting for ovarian status, estrogen treatment, their interaction, and time as a repeated measure. The Ob-R expression data during the period of 17β-estradiol treatment were analyzed with a model accounting for ovarian status, estrogen treatment, and their interaction. The model used for leptin mRNA abundance contained ovarian status, es- trogen treatment, adipose depot, and their interactions as fixed effects and heifer as a random effect. Correlations and regressions were analyzed with the CORR and REG procedures. The level of statistical significance was set at P < 0.05.
RESULTS
Plasma Leptin and Adipose Tissue Leptin Expression
Ovariectomy reduced plasma estrogen concentrations to near or below the detectable limit of 0.06 pg/ mL (Meyer et al., 2006) . The plasma leptin concentration was similar before surgery and increased similarly over the next 3.5 wk in both intact and ovariectomized heifers ( Figure 1A ). Plasma leptin remained similarly unaffected 1 mo after surgery following estrogen treatment for 24 or 48 h in both intact and ovariectomized heifers ( Figure 1B) .
Leptin mRNA expression was greater in mammary and perirenal adipose tissue than in subcutaneous adipose tissue. The mRNA expression levels in the omental depot did not differ from the other depots ( Figure 2A 
Tissue Distribution of Ob-R Expression in Prepubertal Heifers
The Ob-R TOTAL copy number covered more than 3 orders of magnitude, ranging from a low of 5 copies in Figure 3 . Expression of leptin receptor transcript isoforms across tissues in prepubertal dairy heifers. Tissues were obtained from intact excipient-treated prepubertal heifers (n = 4) at approximately 170 d of age. Total RNA was isolated and transcript copy number for all leptin receptor forms (Ob-R TOTAL ), the truncated short form (Ob-Ra), and the long form (Ob-Rb) were determined by quantitative real-time PCR. A) Ob-R TOTAL abundance is expressed as transcript copy number per nanogram of input RNA. Transcript copy number is reported on a log scale to accommodate the range of expression seen across tissues. Mean ± SE is shown for each tissue. B) Ob-Ra and Ob-Rb abundance expressed as a percentage of Ob-R TOTAL expression. Mean ± SE is shown for each transcript in each tissue. For Ob-Rb, the SE for most tissues are too small to be visible.
the kidney cortex to a high of 2,950 copies per ng of RNA in the liver ( Figure 3A) . The Ob-R TOTAL copy number was also high in the pituitary (630), adrenal glands (760), and uterine endometrium (1,720). The hypothalamus had fewer Ob-R TOTAL copies than most peripheral tissues.
For each tissue, we assessed the proportion of Ob-R TOTAL accounted for by the full-length receptor (ObRb) and the truncated Ob-Ra isoform. Ob-Rb accounted for 40% of Ob-R TOTAL in the hypothalamus but for 4% or less in peripheral tissues, except in the adrenal glands (6.2%). Reciprocally, Ob-Ra represented 63 to 110% of Ob-R TOTAL in peripheral tissues, but less than 19% in the hypothalamus ( Figure 3B ). The sum of Ob-Ra and Ob-Rb transcript copy numbers in each tissue accounted for nearly all of Ob-R TOTAL expression except in the hypothalamus, adrenal glands, soleus muscle, pituitary, mammary lymph node, and heart (Table 1) .
Estrogen Effects on Leptin Receptor Expression
Neither ovarian status nor estrogen treatment altered Ob-R TOTAL , Ob-Ra, or Ob-Rb abundance in the hypothalamus, liver, soleus muscle, and subcutaneous adipose tissue ( Figure 4A and data not shown). In contrast, estrogen treatment, but not ovarian status, reduced Ob-R TOTAL in the uterine endometrium (P < 0.01, Figure 4B ). Similar effects were seen on uterine endo- The mean sum of Ob-Ra and Ob-Rb transcipts (n = 4 heifers).
metrial Ob-Ra and Ob-Rb expression (P < 0.05, Figure  4B ). Estrogen treatment also tended to reduce Ob-R TO-TAL and Ob-Ra in the mammary adipose tissue (P < 0.09, Figure 4C ).
DISCUSSION
Estrogen has previously been implicated as a positive regulator of leptin production. In vitro, estrogen treatment increases leptin secretion from isolated rat adipocytes and adipose tissue explants (Kristensen et al., 1999; Machinal et al., 1999) . Estrogen has also been shown to increase leptin expression in adipose tissue of humans (Casabiell et al., 1998) , pigs (Qian et al., 1999) , and ovariectomized rats (Shimizu et al., 1997; Brann et al., 1999) . In cattle, greater plasma leptin levels in heifers approaching puberty suggest that estrogen may regulate leptin synthesis Block et al., 2003) .
Prepubertal dairy heifers enable an evaluation of estrogen effects because they have low levels of plasma estrogen ranging from 2 to 6 pg/mL from as early as 2 mo of age resulting from repeating waves of nonovulatory follicular growth (Evans et al., 1994a,b) . This cyclical, prepubertal estrogen production is functionally important because ovariectomy reduces mammary epithelial cell proliferation and growth in prepubertal heifers (Purup et al., 1993; Berry et al., 2003; Meyer et al., 2006) . Our data indicate that intact and ovariectomized heifers have identical plasma leptin, suggesting that estrogen does not stimulate leptin production in prepu- bertal cattle. These data are unlikely to be confounded by the differences in adiposity between the intact and ovariectomized heifers because both groups weighed the same at slaughter (Meyer et al., 2006) .
We also considered the possibilities that positive leptin responses required a higher plasma estrogen level or were limited to a specific adipose depot. The latter possibility was suggested by our recent observation in these heifers that estrogen induces IGF-I and progesterone receptor mRNA expression in the mammary adipose tissue, but not in subcutaneous adipose tissue (Meyer et al., 2006) . Depot-specific responses to estrogen have also been found in rodents (Shimizu et al., 1997; Machinal et al., 1999) . Estrogen treatment did not cause a significant change in leptin mRNA in any adipose depot, including the mammary depot. This lack of an effect of estrogen on leptin transcript abundance is consistent with our findings for plasma leptin. The possibility that estrogen increases leptin synthesis only after puberty, such as observed in the pig (Qian et al., 1999 ), remains to be tested in cattle.
Evidence that estrogen modulates leptin sensitivity or Ob-R expression also exists (Meli et al., 2004; Rocha et al., 2004; Clegg et al., 2006) . Female sheep and rats have greater anorexic responses to central leptin administration than males (Clarke et al., 2001b; Clegg et al., 2003) . In rodents, ovariectomized females have reduced hypothalamic Ob-R expression and increased appetite and these effects can be reversed with estrogen treatment (Mayes and Watson, 2004; Meli et al., 2004; D'Eon et al., 2005) . Estrogen could act directly because the estrogen receptor and Ob-Rb are co-localized in hypothalamic nuclei (Mercer et al., 1996; Diano et al., 1998; Mitra et al., 2003) . Moreover, ovariectomy increased Ob-R expression in subcutaneous adipose tissue in rats and this effect was corrected by estrogen treatment (Meli et al., 2004) . These observations prompted us to test the possibility that estrogen modulates Ob-R expression in estrogen target tissues. Estrogen had no effect on Ob-R expression in the hypothalamus but did reduce Ob-R expression in the uterus. Effects of estrogen were not detected in liver, muscle, or subcutaneous adipose tissue.
The functional significance of reduced uterine Ob-R expression in estrogen-treated heifers is unknown but endometrial Ob-R has been implicated in implantation in the mouse. The leptin receptor is expressed at implantation sites and inhibition of leptin binding with receptor antagonists reduced pregnancy rates and the number of implantation sites (Ramos et al., 2005; Yoon et al., 2005) . This function may explain why leptin treatment of the ob/ob mouse failed to restore pregnancy unless the treatment was extended beyond the time of implantation Mounzih et al., 1997;  Heifers were killed and tissue samples were obtained 54 h after first injection. Total RNA was isolated and transcript copy number for all leptin receptor forms (Ob-R TOTAL ), the truncated short form (Ob-Ra), and the long form (Ob-Rb) were determined by quantitative real time PCR. A) Ob-R TOTAL abundance in hypothalamus, liver, soleus muscle, and subcutaneous adipose expressed as transcript copy number per nanogram of input RNA. B) Ob-R TOTAL , Ob-Ra, and Ob-Rb abundance in uterine endometrium; and C) mammary adipose tissue. Mean ± SE is shown for each treatment within each tissue. The significant effect of estrogen (E) is given. Malik et al., 2001) . Given these observations, it would be of interest to measure Ob-R abundance in the bovine uterine endometrium through the estrous cycle and during implantation.
In rodents, leptin has been shown to act on the hypothalamus and other regions of the central nervous system to regulate feeding and BW but leptin has few direct peripheral target tissues (Ahima and Flier, 2000; Myers, 2004) . Compelling evidence also exists for central actions of leptin in ruminants (Clarke et al., 2001a;  Journal of Dairy Science Vol. 90 No. 8, 2007 Williams et al., 2002; Boisclair et al., 2006) , but whether leptin also acts on peripheral tissues has been the subject of controversy (Silva et al., 2002; Chelikani et al., 2003; Lulu Strat et al., 2005) . We found that leptin receptor expression (Ob-R TOTAL ) was greater in most peripheral tissues than in the hypothalamus, and was greatest in liver, a tissue where the leptin receptor is completely dispensable in the mouse (Cohen et al., 2001; de Luca et al., 2005) . In the case of leptin, however, total receptor abundance (Ob-R TOTAL ) does not provide an accurate index of leptin responsiveness. This is because the primary leptin receptor transcript is spliced into mRNAs encoding the fully functional leptin receptor (Ob-Rb) or a family of truncated isoforms with impaired signaling ability (Ob-Ra, Ob-Rc, Ob-Rd, ObRf; Lee et al., 1996; Myers, 2004) .
To clarify this issue, we determined the fraction of Ob-R TOTAL transcripts accounted for by Ob-Rb and ObRa, the later being the most frequently occurring truncated receptor present in the mouse (Ghilardi et al., 1996) . We found that Ob-Rb mRNA accounted for the majority of Ob-R transcripts in the hypothalamus but for less than 3% on average in peripheral tissues. In contrast, Ob-Ra expression was ubiquitous and accounted for nearly all Ob-R TOTAL in most peripheral tissues. Our findings are in complete agreement with results obtained in other species (Ghilardi et al., 1996; Fei et al., 1997; Chen et al., 1999) , but disagree with 2 recent surveys performed in cattle using nonquantitative reverse transcription-PCR (Silva et al., 2002; Chelikani et al., 2003) . These authors reported Ob-Ra expression in only 5 of 27 tissues surveyed. In both studies, however, the forward Ob-Ra primer contained a mismatch with the bovine Ob-R sequence, likely leading to inefficient amplification (Silva et al., 2002; Chelikani et al., 2003) . They also reported ubiquitous expression of Ob-Rb, which we now show to account for a very small proportion of Ob-R TOTAL in peripheral tissues. We did not attempt to quantify the abundance of the other truncated Ob-R isoforms because they have yet to be described in cattle. If these exist, however, our data indicate that they would account for a small proportion of the total receptor transcripts in bovine tissues, with the possible exception of the hypothalamus, pituitary, adrenal, heart, mammary lymph node, and soleus muscle.
Our data on the relative abundance of Ob-Rb and Ob-Ra have important implications for the sites of leptin action in cattle. Because Ob-Rb is the only isoform capable of activating all known transduction pathways in vivo attributed to leptin (Bates et al., 2003; Myers, 2004) , our data indicate that the hypothalamus is the major site of leptin action in cattle as is the case in rodents (Ahima and Flier, 2000; Myers, 2004) . Indeed, the obese and diabetic phenotype of mice suffering from leptin signaling deficiencies is completely abolished by correcting the genetic defect only in the hypothalamus (Coppari et al., 2005; de Luca et al., 2005) . The db/db mice, which lack Ob-Rb but retain normal expression of Ob-Ra, are phenotypically indistinguishable from the leptin-deficient ob/ob mice (Chen et al., 1996; Ahima and Flier, 2000; Myers, 2004) . Moreover, knockout of the leptin receptor only in neural tissues phenocopies the db/db mouse (Cohen et al., 2001; Balthasar et 2004; McMinn et al., 2005) . Reciprocally, dominance of the truncated Ob-Ra receptor in nonhypothalamic tissues suggests that direct leptin actions in peripheral tissues are subtle. Some have suggested that the predominant role of Ob-Ra is to limit action, either by sequestering leptin away from Ob-Rb or by serving as a source of leptin binding protein in circulation (Cohen et al., 2005; Gallardo et al., 2005) .
In summary, our data show that estrogen regulates leptin receptor abundance in some estrogen-responsive tissues but has no effect on leptin production. The majority of leptin receptor transcripts are accounted for by Ob-Rb in the hypothalamus and by Ob-Ra in peripheral tissues. This receptor distribution agrees with the prevailing model of leptin action wherein most of its actions are initiated in the hypothalamus.
